The importance of structural metals for industrial applications is based on their superior combination of mechanical properties-strength, elongation, toughness and corrosion resistance-achieved at the end of forming processes. A numerical analysis for the prediction of microstructure is strongly required for the optimization of hot forming process parameters, because the microstructure of structural metals, which has the significant effects on mechanical properties, is strongly dependent to forming process conditions as well as the chemical composition. The incremental dislocation density and microstructural evolution analysis method enables the prediction of the change in microstructure after forming. The outline of the analytical scheme is explained briefly, and the results of its application to strip rolling, bar rolling and shape rolling are presented. Finally, the remaining research topics in this field are discussed.
Introduction
The most important demand for structural metals is that for good mechanical properties such as high strength, elongation, toughness and corrosion resistance. These properties are governed by the microstructure of formed product. Thus, the optimization of the forming conditions, or forming process parameters, referring to the microstructure of the formed product for the target values, is gaining increasing importance in the research and development of hot forming technologies. The above optimization of forming condition has two aspects of hardware and software technologies. The first one, hardware technologies, such as controlled rolling process, high reduction rolling mill, controlled and rapid cooling system and coiling system, has marked significant progress in the past decades, as has been reviewed by Ouchi. 1) The recent tandem hot strip rolling processes developed by Eto, Fukushima, Sasaki and co-workers 2) enable us to roll a strip of fine grained steel without the need to add any micro-alloying element such as niobium and vanadium. The major achievement of the software technologies is micro-alloying technologies used to control the change of the microstructure of hot metal being formed, as was reviewed by Ouchi 1) and Tamura. 3)
The hardware and software technologies should be considered together, even though their individual optimal orientations within industrial applications are mutually opposing. This necessitates the numerical analysis for predicting the microstructure of structural metal after hot forming in order to satisfy both requirements. In the following chapters, first, the outline and availability of the analytical scheme is explained. Here, the basic scheme of the incremental dislocation density and microstructural evolution analysis is briefly explained. Then, the results of its application to strip rolling, bar rolling and shape rolling, which were obtained by the author, will be presented to show the effectiveness of the analytical method of the microstructural evolution and plastic deformation in the optimization of the forming process.
Analytical Method of Microstructural Evolution and Plastic Deformation in Hot Forming
The analytical method of microstructural evolution is categorized into two groups. The first is the microstructure analysis scheme. It contains the evolutional equation for the analysis of grain structure, which is governed by metallurgical phenomena, such as work hardening, recovery and recrystallization of the material, caused by the transient change in the temperature and the strain rate of every material point. This scheme involves the use of the kinetics of microstructural evolution, which is called the material genome, as the boundary conditions in the analysis. The 'analytical scheme used as the evolutional equation' and 'the kinetics used as the material genome' were not always distinguished in the past. The second group is the deformation analysis scheme such as the finite element method.
Analytical scheme for the microstructure evolution
Sellers and Whiteman 4) and Laasraoui and Jonas 5) carried out consistent investigations on microstructural evolution during the hot forming of steels, and the results of the experiments have been summarized as empirical models. Those empirical models have been used for the prediction of the industrial hot rolling process by Beynon and Sellers. 6) In their analysis, the 'analytical scheme used as the evolutional equation' and 'the kinetics used as the material genome' were not always distinguished, so that the transient change in temperature and strain rate cannot be reflected in the microstructural change. This is almost the same as other microstructure analysis methods proposed in 1970s and 1980s.
Senuma and Yada 7, 8) extensively investigated the measurement of the microstructural evolution of C-Si-Mn steels during hot compression, and they found equations on the kinetics of, for example, work hardening, dynamic and static recoveries, dynamic and static recrystallization and grain growth as functions of process variables such as temperature, strain rate and strain. 8) They proposed an analytical model to predict the flow stress and microstructural evolution, taking dislocation density as a representative variable. 9) They also 10) Finite element analysis of the metal forming process propagated in the 1980s after the pace-setting investigations on microstructural evolution in the hot forming of structural metals by Sellars et al., 4, 6) Laasraoui and Jonas, 5) Senuma and Yada [7] [8] [9] [10] and other researchers. As finite element analysis can reveal the transient changes in temperature and strain rate at each point of the structural metal during forming, we need a new approach to reflect this transient change in process variables in the evolution of microstructure. This movement promoted the development of an evolutional method by Karhausen and Kopp 11) and an incremental dislocation density and microstructural evolution analysis method by Yanagimoto et al. for dynamic events, 12) static events 13) and phase transformation.
14)
The change in the dislocation density due to work hardening and dynamic recovery is expressed by the following eq. (1), as proposed by Senuma et al.
is an average dislocation density of grains. Because in eq. (1) is that for unrecrystallized grains, it is expressed as 0 with the superscript showing the number of recrystallization cycles. V 0 , which is the volume fraction of the unrecrystallized structure, decreases with the progress of dynamic recrystallization, as expressed by
ÁX 0!1 is the recrystallized fraction within time interval Át. In the same manner, the volume fraction of grains which underwent i-th cycle of dynamic recrystallization at time t þ Át, V i ðt þ ÁtÞ, can be expressed as
Here, ÁX i!iþ1 shows the fraction recrystallized from V i within time interval Át. The value of ÁX i!iþ1 is expressed as
where Áx i!iþ1 is the relative recrystallized volume fraction and i ðtÞ is the ratio of volume of grains in V i ðtÞ, strain of which exceeds the critical strain for the onset of the next cycle of recrystallization to volume V i ðtÞ. i ðtÞ and Áx
can be derived from the equation for the progress of dynamic recrystallization from the unrecrystallized grains. 12) Thus, the average dislocation density and grain size of V i ðt þ ÁtÞ are respectively updated incrementally by
i ðtÞ is the average grain size of austenite grains that underwent the i-th cycle of recrystallization at time t. D and d D are the dislocation density and grain size of dynamically recrystallized grains, respectively. The value of D equals to the dislocation density of annealed grains. A similar scheme could be applied to the analysis of the microstructure and dislocation density after static recrystallization. 13) The incremental dislocation density and microstructural evolution analysis method is also applicable to phase transformation 14) based on conventional nucleation and grain growth theory. 9, 15) The increment in the ferrite volume fraction, ÁX , can be expressed by eqs. (7) and (8) for the nucleation stage and the site saturation stage.
Here, IðtÞ is the rate of nucleation, G ðtÞ is the grain growth rate and K 1 is the material constant. S v1 and S v2 are the effective grain boundary area for nucleation stage and grain growth stage, respectively. The rate of nucleation IðtÞ is affected by the residual dislocation density of grains, , due to prior deformation, as expressed by eq. (9). The left-hand side of eq. (9), I 0 ðtÞ, is substituted into eq. (7) in place of IðtÞ. The ferrite grain size, d , is expressed by eq. (10). 
Here, T 0:05 is the temperature at 5% transformation and is a representative parameter of cooling rate. Numerical analysis using eqs. (1)- (10) with transient changes in the strain rate and temperature along stream line, that is the path of every material point at cross-section of metal subjected to plastic deformation during rolling, give us the results on microstructure and dislocation density of metal under hot forming.
Deformation analysis
Metal forming has two major functions: the first is the generation of product geometry, and the second is the generation of mechanical properties. The generation of product geometry is realized by designing the die profile and forming conditions for the material to be formed, and the deformation analysis of the material being formed is of primary importance. From the beginning of the 20th century, the elementary analysis and other analyses for the stress field of the material being formed had been developed and applied to reveal the deformation characteristics and to design the forming conditions. Such analyses can be represented by the two-dimensional rolling theory proposed by Karman 16) and Orowan. 17) In the last decade of the 20th century, finite element analyses of metal forming processes began to be used in practice. [18] [19] [20] An example of the shape rolling processes was presented by Yanagimoto et al. 21) and is illustrated in Fig. 1 . The finite element simulation system built on computer cided design (CAD) platform is used as the virtual rolling mill to replace the model experiment using lead or plasticine with digital data on a personal computer. The computer aided engineering (CAE) system for the metal forming process is now widely used in metal forming industries. With this system, the three-dimensional distribution of strain rate and temperature can be analyzed, and their transient change can be known, even that inside the material. Then, the challenging target for these CAE systems is to simulate the evolution of the microstructure of the metal, because the microstructure generated during hot forming has significant effects on the mechanical properties of the product.
Microstructure analysis during hot forming induced
by hot deformation The general construction of the analytical scheme is illustrated in Fig. 2 , taking the hot strip rolling of a steel sheet as an example. A sketch of the microstructural evolution is also shown in this figure. The whole analytical scheme for the analysis of the microstructural evolution is divided into several components: initial microstructure model, hot forming model, transformation model and microstructure-property model. The microstructure-property model is still the focus of many basic investigations, but no general approach is available. The hot forming model and transformation model are coupled with the three-dimensional finite element analysis of various rolling processes. Figures 3 and Table 1 show the results of applying microstructural analysis to the strip rolling process to elucidate the effect of the thickness reduction balance of the finishing train of hot strip mill on the final microstructure after transformation, as obtained by Morimoto et al. 22) Large thickness reductions at latter stands in the finishing train yield steel strips with finer grains. The analytical results agree well with the experimental measurements. Here, the incremental dislocation density and microstructural evolution analysis method are used to estimate the dislocation density and microstructure in forming, 12) interpass 13) and transformation. 14) Figure 4 shows examples for bar rolling. 23) Here, the effect of the rolling mill type on the austenite grain distribution during rolling is clearly shown. Also, the cross-sectional distribution of final microstructure after cooling is successfully simulated. Figure 6 shows the examples of the shape rolling illustrated in Fig. 5 . The cooling condition between and after stands has a significant effect on the cross-sectional distribution of microstructure after rolling. 24) 
Current Situation and Remaining Issue
As is presented in the following chapter, several results were obtained through the coupled analysis of plastic deformation and microstructure. The general scheme of such coupled analysis is shown in the Fig. 2 . First of all, the microstructure-property model, which is not yet realized, is shown in Fig. 2 . There are empirical equations presented and summarized by Pickering, 25) but we did not know the general method at present, even though extensive researches has long been carried out in this field by Esaka et al. 26) and Tomota et al., 27) for example. Many more investigations are necessary to clarify the relationship between the microstructure and mechanical properties of the structural metals used in current society. Secondly, the material genome, that is, the empirical equation to describe, for example, work hardening, recovery and recrystallization as functions of strain rate, strain and temperature for each alloy composition, are missing in most of the structural steels. An example of material genome obtained by Senuma and Yada 7) is summarized in Fig. 7 . As was explained earlier, deformation analysis to obtain the transient change in strain rate and temperature for the material being formed is in practical use in several rolling processes. A microstructure analysis method, such as the incremental dislocation density and microstructure evolution analysis method, is proposed and applied to estimate the microstructure affected by the transient change in strain rate and temperature, using the material genome as the boundary condition. Then, we lack the material genome to describe, for example, work hardening, recovery and recrystallization as functions of strain rate, strain and temperature for each alloy composition. As numerous commercial structural metals are used, we require a huge number of experiments to obtain the material genome. This aspect is common to the first problem, which is the lack of a general model to connect the microstructure and mechanical properties. Then, it can be emphasized that (1) the microstructure-mechanical property relationship, and (2) the kinetics of the change in microstructure as functions of strain rate and temperature, will be strongly required in the near future. These methods should enable the prediction of the above values for the complicated and diversified composition of microstructures, which are dependent on the chemical composition of the numerous commercial alloys.
Conclusion
The numerical analysis of microstructure after the hot forming of structural metals was explained in this paper.
Because of the difficulties and complexity of the numerical scheme, the practical application of this kind of consistent model to industrial processes is not always promoted, as was discussed by Bariani and co-workers, 28) particularly by forming scientists and engineers. More sophisticated software, built on the CAD platform, for predicting the microstructure and macroscopic deformation in industrial hot forming processes should be realized. There are two major drawbacks that must be solved: the lack of the material genome, or functions for the kinetics of recovery and recrystallization, and the microstructure-mechanical properties relationships for an alloy being formed. Extensive investigations on these topics are expected, probably using the numerical approach. Resolving these issues will open a new era of manufacturing science, where the simultaneous design and optimization to produce products with high performance will be realized for all structural metal used in social activities. 
